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ABSTRACT

In arid climates, evapotranspiration is a
strongly-coupled thermodynamic process that is
controlled by the interaction of the atmospheric
boundary layer and the upper soil surface.
Simulation of this process requires a fully-
coupled thermodynamic multi-phase fluid-flow
and energy-transport code. Such a code was
developed in a previous investigation using V-
TOUGH. The resulting efficient computer

code, A-TOUGH, simulates the effect of

dynamic atmospheric fluctuations on vapor

movement between the soil and the atmosphere
and the resulting moisture movement in the soil.
However, the coupling between the atmosphere
and soil employed eddy diffusivity which was
only a function of time and not a function of
space. In the present study the code is extended
to allow spatial as well as temporal variation of
eddy diffusivity.

L. INTRODUCTION

The problem of interfacing the atmosphere with
the surface soil layer is that the flow of air in
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the atmosphere is turbulent even during the
calmest days 2°. The transport of vapor in the
atmospheric boundary layer near the ground
surface is very fast and can be simulated with
eddy diffusion. Eddy diffusion is the mixing
process between adjacent layers of the air
The
mathematical description of the transport of

stream  with different velocities.
vapor and other compounds across layers of
fluid under turbulent conditions has been the
subject of studies in chemical engineering for a
number of years!. Exact mathematical models
of such systems require solution of the Navier-
Stokes and material/energy balance equations.
Solving these equations is a very difficult task
even for simple systems. Numerical solutions
are implemented in the atmospheric sciences;
however, they are not practical for application
to simple evaporation from the soil due to
The eddy
diffusivity simplification has been used instead

extensive computer requirements.

to describe the mass and energy transfer across
the boundary layers in turbulent conditions!-25,
The transport of vapor from the molecular
sublayer to the atmosphere is a function of



surface roughness, wind shear, and thermal
stratification as well as the humidity (or vapor
concentration) gradient. Therefore, the rate of

vertical vapor transfer (or evaporative flux) is

given by:
=-D - 1
qevap atm az “ ( )
and
p(2) =p (2)h(2) @

where p is vapor density, p is saturated-vapor
density, and £ is humidity. Eqn. 1 is similar to
Fick's law except that the molecular diffusion
coefficient is replaced with D, , the eddy
diffusivity. Eddy diffusivity varies with time as
temperature and wind speed change with time.
Therefore, in order to couple soil processes
with atmospheric processes, the eddy diffusivity
and the thermal diffusivity parameters must be
varied dynamically in addition to the soil
boundary conditions.

The principles described above can also be used
to approximate transfer of heat across

atmospheric layers with turbulent flowS:

or
Fy,(2) = Kypc,— 3

0z
where K is the eddy diffusion coefficient for
heat (which in this case is set equal to D), ), p
is the density of air, Cp is the atmospheric
specific heat at constant pressure, 7 is the
temperature, and z is the vertical distance above
surface.

the ground Therefore, thermal
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conductivity is calculated for the atmospheric
layers as:

Katm = :tmpcp (4)

II. DESCRIPTION OF THE MODEL

A-TOUGH (Atmospheric TOUGH) was based
on V-TOUGH (the Vectorized-version of
TOUGH, Transport Of Unsaturated Ground
TOUGH was originally
developed by Pruess* and vectorized by Nitao®.
A-TOUGH can simulate the 3-dimensional
transport of air, vapor, and heat through an

water and Heat).

atmospheric media which can be directly
coupled with the transport of moisture, an air-
vapor mixture, and heat through porous and/or
fractured media. However, it is limited in
variation of the eddy diffusivity in space. This
is an important limitation for application to
Yucca Mountain where

sites such as

mountainous terrain results in substantial

spatial variation of eddy diffusivity.

The resulting code was tested with many simple
and some relatively complicated problem sets,
including a  two-dimensional low-level
radioactive waste trench with a layered cap. In
addition, the code was verified against the U.S.
Geological Surveys code VS2D3. The three-
dimensional nature of the code could not be
tested due to unavailability of data at time of

this publication.



IOI. RESULTS AND CONCLUSIONS

The long-term effect of changes in atmospheric
climatological conditions on subsurface
hydrological conditions in the unsaturated zone
in arid environments is an important factor in
determining the performance of a high-level and
low-level radioactive waste repositories in
geological environment. Computer simulation
coupled with paleohydrological studies can be
used to understand and quantify the potential
impact of future climatological conditions on
Air-TOUGH

efficiently simulates (given current state-of-the-

repository  performance.

art technology) the physical processes involved
in the near-surface atmosphere and its effect on
subsurface conditions. This efficiency is due to
the numerical techniques used in TOUGH and
the efficient computational techniques used in
V-TOUGH to solve non-linear thermodynamic
equations that govern the flux of vapor and
energy within subsurface porous and fractured
media and between these media and the
atmosphere.
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